Abstract. We demonstrate, for the first time, how spatial information can be collected through a turbid medium via coherent Raman microspectroscopic imaging. The technique is capable of identifying anthrax endospores inside a sealed paper envelope.
Introduction
Chemically-specific optical imaging and sensing play a pivotal role in biomedical imaging, environmental sensing and preventive measures to counter chemical and biological warfare. Frequently, objects to be imaged and identified are not present on a surface, and the light probe has to pass through layers of scattering material.
In particular, the detection of weaponized anthrax in the mail room is an important problem of current interest. Clearly, it would highly desirable to identify the chemical content of an unopened envelope, i.e. image through layers of paper and chemically distinguish common biological and chemical threats from non-hazardous materials. Coherent Raman spectroscopy has been recently been demonstrated to be a reliable tool for identify endospores. Nonlinear Raman spectroscopy, e.g. anti-Stokes Raman scattering (CARS) [1] [2] [3] can provide an alternative and very efficient solution to the problem of detecting endospores. We have recently shown how to detect anthrax type spores by a coherent Raman microscopy [3] [4] [5] and by coherent Raman spectroscopy at a distance in real time [3, 5] .
The signal in CARS spectroscopy is detected at the frequency, which is "blue-shifted" with respect to the excitation wavelength. Thus, the signal wavelength can be shifted into the high-sensitivity spectral region of conventional Si detectors. CARS microscopy/microspectroscopy, being based on a multiphoton excitation, also provides the means of improving sectioning capabilities, since the generated signal predominantly comes from a confined focal region of the laser beam [6] .
In this report, we demonstrate for the first time how chemically specific, spatially selective information can be collected through an optically turbid medium, such as paper, from which a typical mailing envelope is made.
Experimental
In these experiments, we used a powder of a dipicolinic acid (DPA), which is a major chemical component of bacterial endospores. The comparative Raman spectra of different bacteria endospores have the common Raman lines, corresponding to the Raman lines of DPA [7] , and, as it was demonstrated earlier, can serve as a chemical marker to detect endospores by means of coherent Raman spectroscopy [2, 5] . Using these vibrational lines as an indicator for the presence of the DPA powder, we image its distribution through a regular envelope in the presence of other look-a-like powders (e.g., chalk, or calcium carbonate (CaCO 3 )).
Our experimental set-up is very similar to the one described elsewhere [2] . In brief, a MHz-rate home-built picosecond laser was amplified to achieve 5μJ per pulse at a repetition rate of 1 MHz and pulse duration of 10 ps. 2μJ of energy was sent into a single-mode fiber to generate a broadband continuum in the spectral region from 1000 to 1500 nm [8] . This radiation served as a broadband Stokes pulse, while the rest of the fundamental radiation at 1064 nm was utilized as a narrow band pump pulse to achieve a simultaneous excitation of all Raman modes in the spectral region of interest. The two beams were combined together and focused onto the sample, which was placed on a computer-controlled translational stage. The signal was collected in a transmission geometry using a lens and directed through an anti-Stokes Raman filter into spectrometer with the attached CCD camera.
CARS spectroscopy is often limited by a strong so-called non-resonant background, which originates from a non-specific four-wave mixing, and the line-shapes in CARS spectra are rather complicated for direct analysis. We assumed that the non-resonant tensor component, χ
NR , is real and frequency independent and used a maximum entropy method [9] to extract the imaginary part of the resonant tensor component, χ
R , which is directly proportional to the Raman signal. The resultant Raman spectrum does not rely on any other assumptions and can be used successfully in both transparent and a highly scattering media [9] ; we call such Raman spectrum the "retrieved" Raman spectrum. Typical CARS, retrieved Raman and Raman spectra for DPA, chalk, paper and tape are shown in Fig. 1 . A small amount of DPA powder was deposited on a sticky tape in the form of a skull, as it is shown in Fig. 2 .
After that a chalk's powder of spread on top of the structure, and the whole assembly was place in between two pieces of paper forming a regular paper envelop. Nothing can be seen through the paper (see Fig. 3 ). Then this envelop was placed under CARS microscope, and hyperspectral CARS images were collected across the suspected region. Those hyperspectral images were analyzed using hierarchical cluster analysis algorithm (CytoSpec, Inc.
). An image shown in Fig. 4 identifies the presence of the structure, which can be identified as made out of DPA due to its specific Raman spectrum. We were also able to identify other chemicals in the imaging plane (see Fig. 4 ).
Discussion
In summary, we demonstrate the unique capability of CARS microspectroscopy to provide spatially-selective, chemically-specific imaging of molecular species in a turbid medium. At this point, the limiting parameter for highspeed imaging is the amplitude of the signal. It takes 100 ms to achieve high quality spectrum from powder species hidden beneath a scattering medium. One way to improve the signal strength is to increase the light power on the sample, while simultaneously increase the beam spot-size on the sample. Beam multiplexing through a multi-foci focusing imaging array will also speed up the data acquisition. With the above mentioned upgrades, we anticipate at least four orders of magnitude improvement in image clarity the time required for the data acquisition.
In conclusion, we have demonstrated for the first time how chemically specific, spatially selective information can be collected through an optically turbid medium, such as paper, from which a typical mailing envelope is made. This work was partially supported by the NIH grants R21EB011703, R15EY020805, the NSF grants ECS-0925950, EEC-0540832 and the Office of Naval Research and the Robert A. Welch Foundation (A-1261).
